Assuming negligible contributions from pressure gradients, the uni-dimensional drift velocity of a peptide in the electric field along the protein vestibule is the vector sum of the electrophoretic and the electro-osmotic components, whose lumped modulus can be expressed as (1, 2, 3):
(z K + = 1 and z Cl -= -1) migrate in opposite directions along the electric field lines with distinct permeability ( + < − ), the net number of particles flowing towards the positively biased region, through a cross-sectional area (S) in unit time is, 
where F represents the Faraday constant, R represents the molar gas constant, T represents the absolute temperature, N A represents the Avogadro's number and C is the molar concentration of particles.
Within the same formalism, the net electric current (I) transported through a cross-sectional area (S) reads:
where e -represents the electronic charge, and the rest of the terms have the same meaning as above.
By combining equation (2) Further on, knowing the number of water molecules that are associated with each ion which moves through the pore (N h ), the net number of water molecules (N water ) passing through can be inferred: 
and when applied to the vestibule region, S pore represents the average cross-sectional area of the α -HL vestibule, and [H 2 O] the concentration of water.
Given that the amount of water molecules carried by each ion (N h ) is being estimated herein as a number of particles, for further numerical estimations (vide infra) the water concentration ( �. In deriving equation (6) , used the relation J = Cv derived from the continuity equation, describing quantitatively the flux of particles (J) of local concentration (C), moving with the velocity (v); for a comprehensive reference source, see (1) . If the peptides were to move along the protein vestibule only under the influence of the applied electric field, its average, electrophoretic velocity (v electrophoretic ) would be:
where µ represents the electrophoretic mobility of the peptide within the vestibule, and E the intensity of the electric field.
By combining relations (6) and (7), and taking into account that in our particular situation the vector representing electro-osmotic water velocity is oriented opposite to the peptide electrophoretic velocity vector -this is caused by the fact that the protein is anion selective, so that the positively charged peptide moves trans-to-cis, opposite to the net flow of water carried by cis-to-trans moving anions -one may estimate the modulus of the uni-dimensional drift velocity of a peptide moving along the electric field lines, in the trans to cis direction within the protein vestibule, as:
If we disregard any drop of the potential outside the protein pore (β-barrel and vestibule combined) of length (l pore ), the electric field will be non-zero only within the protein pore subjected to the potential (∆V), and the relation above reads: Figure S1 . Selected electrophysiology segments showing the reversible interaction between a single α-HL protein and a CAMA P6 peptide added on the grounded, cis side of the membrane, at a bulk concentration of 30 µM. The clamping trans-membrane potential was -50 mV, and the buffer pH was set to 4.5. The protein and peptide cartoon-like representations illustrate the peptide entering the protein vestibule from the cis side of the membrane associated to transition O → B 2 (panels a and b), the peptide exiting the pore through the trans side of the membrane via protein's β-barrel (transition B 1 → O) (panel a), or the peptide exiting the vestibule by moving backwards to the cis side of the membrane, respectively (transition B 2 → O) (panel b).
The peptide interaction with the protein pore is denoted by the upwardly-pointing current fluctuations from the base current assigned to the peptide-free, open (O) state of the protein, and current amplitude histograms shown on the right-hand-side of the traces in both panels illustrate the absolute values of current associated to distinct substates of the pore, i. (Fig. S1 , panel b), and this allows for a direct indication regarding the direction in which the initially vestibule-trapped peptide get released, namely to the trans (Fig. S1, panel a) or cis (Fig. S1, panel b) side of the membrane. Peptide capture by the β-barrel gives rise to the B 1 blockage substate, and this is followed sequentially by the B 2 substate, denoting migration of the peptide to the protein vestibule. Notably, and taking into considerations all arguments presented herein, in both panels a and b we were able to ascertain that upon peptide capture by the protein β-barrel (blockage substate B 1 ) on the trans side, and subsequent transition of the peptide to the protein's vestibule (blockage substate B 2 ), the current level corresponding to the open pore (substate O) is associated to the peptide release to the cis side of the membrane. Unlike experiments performed at less acidic pH's (see main text), a peptide confined within the protein vestibule (i.e., associated to the B 2 substate) did not get released at once from the protein pore, as the B 1 blockage substate ensued again, indicating the backwards movement of the peptide to the protein β-barrel (panel a).
Only and B 2 respectively) and position of the peptide relative to the α-HL pore and the reversible reactions taking place between various substates (vide supra also). Figure S3 . Representative snapshots of peptide translocation when peptide is caught within the maximum construction of the pore. As observed, the peptide assumes either a compact, folded shape or a partial unfolded shape depending on the initial configuration of the peptide. The figures represent the initial configurations shown in Figure S5 - (1) s1f (2) s2u (3) s2f (4) s2u.
Excluded Cross-sectional area and Electric Current
The excluded cross-sectional area (S'(z)) of the pore along the pore axis (z), being proportional to the flux of ions and hence ionic current detected at an instant was calculated using CHARMM simulation package. For each angstrom along the pore axis, z, the free volume was computed (using CORMAN module) which corresponds to excluded cross sectional area. The ratio of open pore current intensity I c (t) vs. clogged pore current intensity I o (t) (Equation 10 and Fig. S4 ) gives the residual current,
where, L is the extent of the pore along the pore axis, z, with d 1 and d 2 the "entrance diameters" (effective diameters) of the β-barrel and vestibule facing the solution. d 1 'and d 2 ' are the effective entrance diameter of the clogged pore. (a) Residual current calculated using Equation (10) for the complete translocation trajectory for four starting conformation of the peptide within the pore. (b) Two folded states (s1f and s2f) and two unfolded states (s1u and s2u) were taken as the starting conformation for initiating translocation. Orange and purple VDW representations show the C-terminus and N-terminus respectively. The initial state s1f when unfolded within the pore using HQBM (described later) unfolds with C-terminal facing up towards the trans-end whereas the state s2f unfolds with N-terminus up. Figure S5 (b). The simulation values correspond to an average of an ensemble of states captured during the translocation trajectory. We attribute the slightly higher values in case of state 2 for both folded and unfolded state to the opening of N-terminus and the peptide translocating with its N-terminus first whereas in case of state 1, the peptide translocates with its C-terminus up (details included in the SI movies).
Effective diffusion coefficient estimate in the vestibule
The , see above and discussion in main text), strengthening the fact that friction forces manifested between the peptide and protein's inner walls and a modified water viscosity within the protein pore as opposed to bulk solution greatly affect peptide diffusion across the protein vestibule. Based on the StokesEinstein formalism applied to the peptide movement across the protein vestibule at pH = 4.5 (vide supra), we estimated that in order for the peptide to attain a diffusion coefficient comparable in order of magnitude with that inferred experimentally (D ~ 10 -12 m 2 s -1 ), the apparent viscosity of water within the protein vestibule should equal η ~ 0.2 Pa s. This result comes in agreement with previous research establishing that the manifestation of the electrical double layer, particularly in nanoscopic volumes, leads to an increase in the apparent viscosity of a fluid in nano-channels (4), and for water films with a thickness smaller than 2 nm, studied on hydrophilic surfaces, it was found that the apparent viscosity was ~ 4 orders of magnitude higher than in bulk (5) . Although the precise evaluation of the viscosity of water within the α-HL protein needs further refinement and validation, the presented rationale highlights a novel experimental approach towards evaluating solvent properties in confined nano-volumes. Furthermore, as it is visible from data shown in Fig. 6 , panel f (main text), the pH decrease alters also the value of the current blockade amplitude (∆I B 2 ) associated to the peptide presence within the α-HL vestibule. By resorting to a similar formalism as described above, and using characteristic geometric values describing the α-HL vestibule (l vestibule = 5 nm, d vestibule = 4.6 nm), the amplitude of ion current blockages mediated by a peptide inside the α-HL vestibule (∆I B 2 ) measured at an externally applied potential difference ∆V = +50 mV, at pH 3.3 and 5.1, resulted in δ volume; pH = 3.3 = 4.6 nm 3 and δ volume; pH = 5.1 = 2.5 nm 3 . It is thus apparent that in addition to the electro-osmotic effect described herein, a still elusive low pH-mediated increase in the peptide excluded volume within the protein vestibule may also account partially for the slowing-down of the CAMA P6 peptide transit through the α-HL vestibule with decreasing pH. As a word of caution, we note that such estimations on the peptide excluded volume were based on the assumption that the peptide assumed a spatial topology of a sphere under the externally applied potential difference ∆V, so that the shape factor (γ) equals 1.5. However, various orientations relative to the pore's axis of the peptide during its translocation, or peptides shapes for that matter, result in distinct values of the shape factor (6). Estimates of pH dependence of peptide excluded volume in the β-barrel (see Fig. 6 in main text)
The effective blocking peptide volume within pores may be found from analyzing current blockage by varying several working conditions (voltage, pH, etc.). Such measurements at constant pH but variable voltage implied peptide unfolding by stretching caused by the applied potential (7). We analyzed the dependence of the ionic current blockade amplitude (∆I B 1 ) induced by the presence of a peptide inside the pore β-barrel as a function of pH at constant applied voltage. Within the framework of a similar mechanistic interpretation as the study above, the rationalization of our results on the dynamics of the CAMA P6 peptide through the protein β-barrel and blockage induced, as a function of the pH, indicates that elevated values of the electro-osmotic flux acting collectively and oppositely to the electrophoretic force, create local forces that can induce gradual changes of the folding of a single confined peptide, along the axis of the protein pore. With the help of the data shown in Fig. 6, panel f (main text) , the excluded volumes (δ volume ) associated to the peptide presence within the protein β-barrel at various pH values, estimated from the amplitude of ion current blockages (ΔI B 1 ), recorded at an applied potential difference ∆V = +50 mV, in a 2 M KCl buffer of electrical conductivity σ = 169 mS cm -1
2 ), where the shape factor γ = 1 (based on the assumption that the β-barrelresiding peptide can be viewed as a cylinder aligned parallel to the electric field lines, mainly due to the restrictive topology of the β-barrel) and within over simplifying physical and geometrical considerations (e.g. the potential varies linearly across the α-HL pore, so we assumed that the potential difference drop across the protein β-barrel is half of the potential difference across the whole protein pore, ∆V), resulted in δ volume; pH = 3.3 = 6.5 nm 3 , δ volume; pH = 4.5 = 7.1 nm 3 , δ volume; pH = 5.1 = 7.2 nm 3 , δ volume; pH = 7.1 = 7.5 nm 3 . To take into consideration the access resistance of the nanopore, in the calculations above the value of the β-barrel length (l β-barrel ) was replaced by (l β-barrel + 0.8d β-barrel ), where d β-barrel represents the average diameter of the α-HL's β-barrel (d β-barrel = 2 nm) and l β-barrel = 5.2 nm. By comparison, the theoretical volume value of the CAMA P6 peptide in the extended conformation, estimated with a protein property calculator (e.g., (8)) equals δ volume; theory = 2.9 nm 3 . It is apparent that the higher volume of the peptide within the protein β-barrel at neutral pH (δ volume; pH = 7.1 = 7.5 nm 3 ) reflects the partially folded configuration assumed by the peptide, as it is also indicated by molecular simulation studies. As a word of caution, we note that such estimations on the peptide excluded volume were based on the assumption that the peptide assumed a spatial topology of a cylinder aligned parallel to the electric field lines through the pore, under the externally applied potential difference ∆V, so that the shape factor (γ) equals unity. However, various orientations relative to the pore's axis of the peptide during its translocation, or peptides shapes for that matter, result in greater than one values of the shape factor (6). Table S3 . The primary sequence and molecular weight of peptides used in this study. Figure S10 . Mass analysis of peptides used in this study. Molecular masses of peptides were determined by using MALDI-MS spectrometry. 
Biased Molecular Dynamics.
Unfolding of the peptides within the pore constriction is effected by adding a half quadratic perturbation term to the Hamiltonian, dependent on both time and reaction coordinate, forcing the peptide to above away from its initial configuration using a half harmonic force constant. The time-dependent reaction coordinate is chosen to be the square of deviation from the reference structure for all atoms averaged over the number of pairs.
where,
for, j≠ i and r ij (0) is the pairwise distance in the native or reference structure. To force the system away from the native structure, a perturbation dependent on time and position, W(r,t) is added to the potential energy function, to prevent its backward movement and to prevent the reaction coordinate from decreasing.
if (13) where, ρ m (t) is the maximum value of the reaction coordinate between time 0 and t. The magnitude of allowed backward fluctuation depends on α, the force constant for the half harmonic potential. A high value of α acts as a stiff force constant allowing no backward fluctuation whereas a low value can allow flexibility. If the reaction coordinate exceeds the maximum value then the perturbation is zero, perturbation being time-dependent acts only when the reaction coordinates decreases than the maximum allowed value. If the reaction coordinate ρ (t) exceeds the maximum value ρ m (t) the perturbation W(r, t) is zero. A large value of perturbation W (ρ(t)) indicates barrier crossing during which spontaneous thermal motion is incapable of carrying the reaction forward along the reaction coordinate. Hence the force due to perturbation is applied only when the reaction coordinate is less than the maximum.
Supplementary Movies. Complete translocation movies are included, with their description as follows: (a) pore-l.gif -Identifies the pore-lining residues during the translocation trajectory. All pore residues except the pore-lining residues are fixed in coordinate space during a translocation event. The pore residues are color coded according to the residue type. (b) s1f.gif -Translocation trajectory for the folded peptide in state 1 with N-and C-terminus pointed towards the cis -end (c) s1u.gif -Translocation trajectory for the unfolded peptide in state 1. Unfolding is achieved using the biased MD method (see SI text) followed by translocation using electric field. The unfolding trajectory has not been shown. (d) s2f.gif-Translocation trajectory for the folded peptide in state 2 with N-and C-terminus pointed towards the trans -end (e) s2u.gifTranslocation trajectory for the unfolded peptide in state 2. For states 1, the unfolding and translocation takes with C-term going head up whereas for states 2, the unfolding and translocation takes with N-term going head up. We would like to emphasize the fact that the unfolding (not shown) and translocation in both states are completely random following Langevin dynamics and has not been forced with either N-term or C-terminus heads up. The pore-lining residues though not shown in motion in the translocation movies are in the same state as shown in the movie pore-l.gif throughout the trajectory.
